We produced anti-hog renin antibodies using as antigens pure hog renal renin that either had been insolubilized or conjugated to tetanus toxoid. High titer antibodies were obtained, which demonstrated different cross-reactivity with renins from other species. A direct radioimmunoassay for renin was developed using antibody, monoiodinated lu I-hog renin, and various methods for separating free and antibody-bound trace. This assay was capable of detecting 40 pg of hog renin and was applied to the determination of renin in hog blood and other organs. Based on the direct measurement of renin by this radioimmunoassay, the renin-like activity (i.e., the ability to generate angiotensin I from renin substrate preparations) of the pituitary gland was found to be due mostly to true renin, whereas the renin activity of other hog tissues, including the adrenal gland, liver, lung, spleen, and submaxillary gland, was not identified as renin and may have been due to cathepsins. Cire Ret 45: [275][276][277][278][279][280][281] 1979 From the
VARIOUS investigators have prepared antibodies to renin, employing partially purified renal renin preparations as antigens (Deodhar et al., 1964; Haas et al., 1962; Haas et al., 1965; Haas et al., 1975; Helmer, 1958; Lucas et al., 1970; Peart et at., 1966; Skeggs et al., 1975; Wakerlin et al., 1953; Walsh et al., 1976; Weiser et al., 1969) . Due to the impurity of the antigens, these antibodies possessed only limited specificity, which restricted their usefulness. When a homogeneous renin preparation from the mouse submaxillary gland became available (Cohen et al., 1972) , antibodies specific for renin were prepared and used to develop a direct radioimmunoasay for the enzyme, which was detected in various tissues of the mouse Poulsen, 1977a, 1977b; Michelakis et al., 1974) . However, since antibodies against the mouse submaxillary gland enzyme did not cross-react with renin from other species, this radioimmunoassay was limited to studies in the mouse.
Renin from hog kidney was the first renal renin to be purified to homogeneity (Inagami and Murakami, 1977) . Availability of this material enabled us to prepare specific antibodies and to establish a direct radioimmunoassay for hog renal renin. Several antisera were obtained that demonstrated variable cross-reactivity with renins from other species.
A renin-activity assay, in which angiotensin I generated from renin substrate preparations was quantified, has made it possible to describe reninlike substances in organs other than the kidney (Ganten et al., 1976) . Attempts have been made to elucidate the identity of these substances. For example, it has been shown that cathepsin D can contribute to angiotensin I formation (Day and Reid, 1976; Hackenthal et al., 1978) . In the present study, the direct immunoassay method for renin was compared with an indirect renin activity (angiotensin I) assay by using tissue extracts of extrarenal organs to determine whether extrarenal reninlike activity was, indeed, due to true renin.
Methods

Materials
Glutaraldehyde, hydroxylamine, phenylmethanesulfonyl fluoride, bovine serum albumin (fatty acid free), hen egg lysozyme, and bovine y globulin were obtained from Sigma Chemical Co. l-Ethyl-3-(3-dimethylaminopropyl) carbodiimide was from Story Chemical Corp. Rabbit y globulin, Freund's complete adjuvant, and partially purified hog renin substrate were from Miles Laboratories. Polyethylene glycol (molecular weight 6000) was from Baker Chemical Co. Chloramine T was from Eastman Kodak Co. High specific activity (17.3 Ci/mg), carrier-free 125 I was obtained from New England Nuclear Corp. Sephadex G-25 and G-150 were from Pharmacia Fine Chemicals. Whatman DE52 cellu- VOL. 45, No. 2, AUGUST 1979 lose was obtained from Reeve Angel. Pure tetanus toxoid was a generous gift of Dr. John P. Robinson. Semipurified human renal renin (Lot 13, specific activity 0.13 GU/mg protein) was kindly donated by Dr. Erwin Haas.
Purification of Renin
Hog kidney renin to be used as antigen was purified from freeze-dried hog kidney powder by a method previously published (Inagami and Murakami, 1977) . In brief, the kidney powder first was extracted with a methoxyethanol-water mixture; then the extract was mixed with DEAE-cellulose. Adsorbed renin was eluted into a high ionic strength buffer, fractionated by ammonium sulfate precipitation, and purified by a series of chromatographic steps, using columns of pepstatin-agarose affinity gel, Sephadex G-150, DEAE-cellulose, and CM-cellulose. The renin preparation was homogeneous by several criteria, which included disc electrophoresis in both polyacrylamide and sodium dodecyl sulfatepolyacrylamide, sedimentation-equilibrium ultracentrifugation, and isoelectric focusing. This renin had a specific activity of 2,000 GU/mg. Renins from rat kidney (Matoba et al., 1978) , mouse submaxillary gland (Cohen et al., 1972) , and human kidney were prepared employing methods published previously.
Immunization Procedures
Hog renin was administered to rabbits in three antigenic forms: pure, unmodified renin, renin insolubilized with glutaraldehyde, and renin conjugated to tetanus toxoid. The insolubilized enzyme was prepared by treating 5 mg of pure hog renin in 7 ml of 0.05 M phosphate buffer, pH 7.2, with 280 jul of 25% glutaraldehyde for 2 hours at room temperature, followed by exhaustive dialysis against water. The tetanus toxoid-conjugated renin was prepared by treating 1 mg of renin and 0.5 mg of tetanus toxoid with 24 \ig of l-ethyl-3-(3-dimethylaminopropyl) carbodiimide overnight in 3.5 ml of deionized water, pH 7.2, at room temperature, followed by treatment with 3.5 ml of 1 M hydroxylamine adjusted to pH 9.0 for 5 hours and dialysis against water. The antigen solutions, emulsified with an equal volume of Freund's complete adjuvant, were injected intradermally at multiple sites on the back of Dutch-belted rabbits. An initial injection of 100 /xg of renin was followed by four boosters of 50-80 y.g at weekly intervals. Once an antibody response was elicited, the booster dose was decreased to 10 fig of renin.
Iodination of Hog Renal Renin
Iodinations were performed in 13 x 100-mm borosilicate glass test tubes using the chloramine T method (Hunter and Greenwood, 1962) . The renin/ 125 I ratios was varied from 0.002 to 6.41 by changing the concentrations of both reactants to optimize the iodination conditions for the maximum incorporation of 125 I. In succession were added 100 ]A of 0.1 M phosphate, pH 7.5, pure hog renal renin (0.02-20 Hg) in 100 fd of the same buffer, 125 I (176-914 /iCi), and 100 jig of chloramine T in 25 /i\ of buffer. The reaction tube was agitated for 15 seconds, and the reaction was terminated with 400 ju. g of sodium metabisulfite in 50 /id of buffer. The entire reaction mixture was applied immediately to a freshly poured Sephadex G-25 column (0.9 X 70 cm) at 4°C in 0.02 M phosphate, pH 6.2, containing 1 mM sodium azide and 0.1% BSA, and eluted with the same buffer at a flow rate of 14 ml/hr, and 1-ml fractions were collected. 125 I-Renin appeared at the void volume and was purified further on a DEAE-cellulose column (0.9 X 45 cm) at 4°C in 0.02 M phosphate buffer, pH 6.2, containing 0.02% hen egg lysozyme and 1 mM sodium azide. A linear sodium gradient was generated with 200 ml of the phosphate buffer and 200 ml of the same buffer containing 0.25 M sodium chloride. Elution was conducted at a flow rate of 30 ml/hr, and fractions of 3.7 ml were collected. The major peak of radioactivity containing iodinated renin eluted between 7500 and 9500 mhos.
The trace was diluted with the buffer used for radioimmunoassay (see below) to approximately 0.1 /tCi/ml and frozen at -20 °C in small portions. Repeated freezing and thawing of pure renin and iodinated renin caused marked diminution in trace binding (or increase in nonspecific binding). The optimal concentration of renin in the iodination mixture was 10-20 /ig in a molar excess of 1.3-1.5 over I26 I. As the renin to 125 I ratio was reduced, trace binding to antibody was diminished markedly. The specific radioactivity of the peak fractions from DEAE-cellulose chromatography was calculated from the decrement in trace binding with increasing quantities of trace compared with a standard curve employing known amounts of unlabeled renin and was found to be 15 /tCi/iig. Since the maximal theoretical specific activity of monoiodinated hog renin (molecular weight 36,500) is 59.2 nCi/fig, about one in every four molecules of renin was iodinated.
The Direct Radioimmunoassay Procedure
Assays were performed in 12 X 75-mm polypropylene tubes at 4°C in 0.1 M phosphate, pH 7.0, containing 1 mM sodium azide and 0.1% bovine serum albumin (BSA). The amount of buffer was adjusted to make the total reaction volume 0.5 ml for the assay separated by second antibody and 1.0 ml for that separated with polyethylene glycol. Assays to be separated with second antibody also contained 2.5 iig of rabbit y globulin per tube as a coprecipitant. Serial dilutions of hog renin standard in 100 fil or unknown samples in 50-250 /xl then were added, followed by 50 /d each of antirenin antibody and 125 I-hog renin (1000-1500 counts per min), respectively. A dilution of antibody was chosen which bound 40-45% of trace. Fifty pi of iodinated renin also were added to 10 empty counting tubes to determine the average total radioactivity in each tube. All assays were prepared in triplicate. The antigen-first antibody reaction as allowed to proceed for intervals ranging from 40 to 168 hours. Optimal sensitivity and linearity of the standard curve were achieved at 120 hours.
Two methods of separating free and antibodybound trace were examined: second antibody and polyethylene glycol. Second antibody afforded the greatet sensitivity but required an additional 24hour incubation at 4°C after an appropriate dilution of second antibody was added in a volume of 50 [A.
The second antibody was raised in a goat; rabbit y globulin in Freund's complete adjuvant was used as an antigen. The final titer of second antibody ranged from 1:22 to 1:55 depending upon the length of time elapsed between immunization and bleeding. Assay tubes were centrifuged at 5000 g for 30 minutes, the supernatant was removed by aspiration, and the pellet (bound trace) was counted. Polyethylene glycol provided a more rapid separation than second antibody, but sensitivity diminished by a factor of 2-3. Two hundred pi of 1% bovine y globulin in 1% NaCl was added to each assay tube as a coprecipitant, followed by 1.0 ml of 22.5% polyethylene glycol in water. After mixing thoroughly, the tubes were centrifuged at 5000 g for 30 minutes, the supernatant was removed by decantation, and the pellet (bound trace) was counted.
In both separation procedures, tubes were counted for 10 minutes. Assay results were analyzed, using the radioimmunoassay program of Rodbard, written for the Hewlett-Packard model 9830A desk top computer. The logit transformation of the raw data (B/B o ) was employed to calculate unknowns. Anephric hog plasma in a final concentration of 25% using polyethylene glycol, or 50% using second antibody did not cause any displacement of the standard curve.
Tissue Extracts
Tissues (lung, liver, spleen, adrenal, submaxillary gland, and pituitary) were obtained from hogs 40 hours after bilateral nephrectomy. Three grams of each tissue were homogenized in 15 ml of ice-cold 0.01 M pyrophosphate buffer, pH 6.5, containing 0.1 M NaCl, using a Vir-Tis 60 homogenizer at 10,000 rpm for 5 minutes. The resulting homogenate was centrifuged at 105,000 g for 1 hour, and the supernatant was kept at -20°C until added to both the renin activity assay and the direct radioimmunoassay for renin.
Hog Plasma Samples
Animals were anesthetized with sodium pentothal, blood samples were drawn from the jugular and renal veins into chilled 30-ml poly-propylene tubes containing 2 ml of 0.5 M EDTA, and the tubes were promptly placed in ice. Plasma was separated immediately and stored frozen at -20°C until use.
Renin Activity (Angiotensin I) Assay
Renin activity was determined using a modification of the radioimmunoassay method of angiotensin I (Haber et al., 1969) . Samples (25 pi) of properly diluted tissue extracts or 100 pi of plasma were incubated for 1 hour at 37°C with either 25 pi or 3 /HM hog renin substrate or with 25 pi of anephric rat plasma in 0.2 ml of 0.1 M maleate buffer, pH 6.0, containing 10 /d of 0.2 M EDTA (pH 6.0) and 5 pi of 0.15 M phenyl-methanesulfonyl fluoride. The partially purified hog substrate (Miles Laboratories) had a capacity to generate 0.16 nmol of angiotensin I per mg of protein; the plasma from anephric rats contained 3 nmol of angiotensinogen per ml or 0.05 nmol angiotensinogen per mg of protein. Figure 1 shows the immunization schedule with the renin-tetanus toxoid conjugate and the rise in antibody titer in rabbit no. 1769 measured by the ability of its plasma to bind 50% of added radioactive trace. After the fifth injection, a titer of 23,000 was attained. Antibody obtained from the rabbit at the 6th week of immunization was used for the experiments described below, in which the crossreactivity with different renin preparations and the ability to neutralize renin activity in tissue extracts were examined.
Results
Properties of Antirenin Antibodies
The immunological reactivity of antibody no. 1769 with renin from various species was investigated employing the irnmunodiffusion method (Fig.  2) . As determined by the ability of this antibody to bind known amounts of hog renin in the direct radioimmunoassay, the renins were present in a large excess over antibody. Precipitin bands were obtained with hog and rat renal renins and mouse 2 5 20,000 submaxillary gland renin. The spurs on both sides of the hog renin precipitin line indicated that the mouse and rat renins did not completely neutralize the antibody and that these antigens were not immunologically identical with hog renin.
The ability to neutralize renin from various species was examined in a more quantitative manner by measuring inhibition of the enzymatic activity of renin by serial dilutions of antibody. The results obtained with antiserum no. 1769 are shown in Figure 3 . As indicated by the high dilutions of plasma at which angiotensin I generation decreased, the antibody was most potent in neutralizing hog renin. Mouse submaxillary gland renin cross-reacted with the anti-hog renin antibody more strongly than did rat renal renin. Even human renin was inactivated to a limited extent. The inhibition of renin activity by antibody no. 626 also was studied using a protocol similar to that described in the legend to Figure 3 . One milliliter of undiluted plasma no. 626 neutralized 50% of the activity of 6 GU of pure hog renin.
The characteristics of antibodies induced with the various derivatives of hog renin were determined by the above methods and are summarized in Table 1 . Pure, unmodified hog renin was a poor antigen, producing antibody of very low titer in the five animals that were immunized. The glutaraldehyde-insolubilized renin yielded high titer antisera in three animals (nos. 624, 625, and 626). The properties of antibody from rabbit no. 624, which reacted mainly with hog renin and slightly with rat renin, are presented in the table. Antibodies nos. 625 and 626 demonstrated 50% trace binding at titers of 1: 10,000 and 1:64,000m respectively. Antibody no. 626 cross-reacted weakly with human kidney renin; the minimum amount of renin which could be detected was 0.0125 GU.
Direct Radioimmunoassay
In the direct radioimmunoassay for hog renin, the 125 I-renin purified on DEAE-cellulose was markedly superior to that obtained from Sephadex G-25 alone. The nonspecific binding decreased from 9-10% to 4-5%, assay sensitivity improved 2-to 3-fold, and the antisera could be diluted further by a factor of two. The final titer at which 40-45% binding of trace occurred was 1:64,000 for antibody no. 626. This antiserum possessed the greatest sensitivity and was used for most of the assays.
Based upon the criteria of linearity of the standard curve and assay sensitivity, second antibody consistently was superior to polyethylene glycol in separating bound from free trace. As shown in Figure 4 , maximum sensitivity attainable was usually 40 pg/tube, and the correlation coefficient approached 1.0 more closely when the logit transformation was used instead of the raw data (B/B o ).
As illustrated in Figure 5 , antibody no. 1769 demonstrated the phenomenon of paradoxical binding, which is characterized by a striking increase and then a decrease in binding of radiolabeled trace ligand with the addition of increasing amounts of nonlabeled standard. The solid line represents the standard curve set up in buffer. The B/B o increased from 1.0 to 1.6 at a concentration of about 1.1 ng of renin and then fell off steeply. The broken line represents another standard curve set up simultaneously with the previous curve in which 0.95 ng of renin standard was added to every tube. This addition caused the paradoxical binding to disappear, 
• Dilution of rabbit plasma at which 50* binding of "°I-hog renin was found after a 40-hour incubation at 4°C. Bound and free radioactive trace was separated with polyethylene glycol.
t Determined by inhibition of the enzymatic activity of renin as measured by the radioimmunoassay for angiotensin L See the legend to Figure 3 and the text for details of the method. but there was no displacement of the downward portion of the curve or improvement in assay sensitivity.
Plasma Renin
As shown in Figure 6 , a close correlation was observed between the plasma values of hog renin determined by the direct radioimmunoassay and those obtained by the renin activity assay based upon the generation of angiotensin I. The level of plasma renin in the renal vein (filled circles) was elevated by clamping the renal artery (unfilled circle) and was considerably higher than that measured in the jugular vein (filled triangles).
Renin in Various Organs of the Hog
Angiotensin I-generating activity, determined with partially purified hog substrate, was present in all tissue extracts studied. When assayed with rat plasma as substrate, which is less susceptible to nonspecific cleavage by acid proteases (Dorer et al., 1978) , renin activity was detected at an appreciable level only in the kidney and pituitary gland ( Table  2 ). The inhibition of tissue renin activity by antihog renin antibody confirmed the presence of true renin in the kidney and pituitary. The renin concentration estimated by the direct immunoassay was approximately 0.2 and 80 ng/mg of protein in the pituitary and kidney extracts, respectively. Hog renin standard curves. Standard curves were set up with antibody no. 626 at a final titer of 1: 64,000 that was incubated with trace and renin standard for 120 hours at 4°C. Goat anti-rabbit second antibody was employed to separate antibody-bound and free trace. The results are plotted, using both the raw data (B/B o ) inA(R = 0.99841) and the logit transformation inB (R = 0.99910).
Discussion
Studies on the renin-angiotensin system have been dependent largely on various assays employed to quantify the components of the system. In contrast to the numerous methods available to measure angiotensins I and II, a direct assay for the enzyme renin has been developed only for the mouse submaxillary gland enzyme (Michelakis et al., 1974; Poulsen, 1977a, 1977b ). An attempt to establish a direct assay for human renal renin (Lucas et al., 1975) was unsuccessful due to the inhibition of the renin-antibody reaction by a component of plasma.
Availability of pure hog renal renin has enabled us to raise high titer antisera to renin. Previous investigators (Deodhar et al., 1964; Haas et al., 1962; Haas et al., 1965; Haas et aL, 1975; Helmer, 1958; Lucas et al., 1975; Poulsen, 1977a, 1977b; Michelakis et al., 1974; Peart et al., 1966; Skeggs et al., 1975; Wakerlin et al., 1953; Walsh et at., 1976 : Weiser et al., 1969 have used renin preparations of variable degrees of purity as an antigen without further modification except for emulsification in Freund's adjuvant. It is known that chemical alteration of poorly immunogenic molecules, which usually are of relatively low molecular weight, can markedly enhance their antigenicity. In spite of its molecular weight of 36,500 (Inagami and Murakami, 0.6 O.I 1.0 HOG RENIN (ng) FIGURE 5 Paradoxical binding phenomenon with antibody no 1769. Antibody no. 1769 in a final titer of 1: 3200 was incubated for 120 hours at 4°C with hog renin standard in either buffer alone fD) or in the presence of 0.95 ng of unlabeled hog renin in every assay tube (h). The separation method was second antibody. VOL. 45, No. 2, AUGUST 1979 1977) pure, unmodified hog renin was a poor antigen in our experience. Modification, either by intramolecular cross-linking with glutaraldehyde or conjugation to tetanus toxoid (Talwar et al., 1976) , produced a striking increase in antibody titer. The antisera produced with the gluteraldehyde-insolubilized renin possessed the greatest specificity for hog renin, although weak cross-reactivity was noted with antibodies nos. 624 and 626 with rat and human renal reruns, respectively. Antiserum no. 1769, raised with renin coupled to tetanus toxoid, demonstrated considerable cross-reaction with reruns from other species, a precipitin reaction utilizing double immunodiffusion, and the phenomenon of paradoxical binding (Matsukura et al., 1971) in the direct radioimmunoasay. The wide cross-reactivity of this antibody has permitted us to investigate the high molecular weight form of renin in an extract of hog kidney (Takii et al., 1978) and brain renin in the rat Inagami et al., 1978) .
Considerable debate exists in the literature concerning the identity of renin-like enzymes (based upon the ability to generate angiotensin I) in extra- (Day and Reid, 1976; Dorer et al., 1978; Ganten et al., 1976; Hackenthal et al., 1978; Skeggs et al., 1969) . Pseudorenin and isorenin (Skeggs et al., 1969) , an angiotensin-forming enzyme with an acidic pH optimum, are widely distributed in mammalian tissues. Pseudorenin recently has been identified as cathepsin D (Dorer et al., 1978) ; the predominant portion of brain isorenin activity also has been identified as cathepsin D (Hackenthal et al., 1978) . These enzymes are known to be inactive in the presence of plasma (Dorer et al., 1978) . As shown in Table 2 , with rat plasma substrate, significantly less angiotensin I was generated by extrarenal tissue extracts than with a semipurified preparation of hog substrate. The marked inhibition of renin activity caused by rat plasma used as substrate strongly suggests that most, if not all, of the renin-like activity in the liver, lung, adrenal, spleen, and submaxillary gland and probably many other tissues of the rat and hog (Ganten et al., 1976 ) is due to pseudorenin or cathepsin D. This view is strengthened further by the studies reported here. Specific antirenin antibody markedly suppressed renin activity in kidney and pituitary extracts but had only a weak inhibitory effect on the extracts from other tissues. Finally, employing the direct assay for renin, we detected the enzyme only in the kidney and pituitary among the tissues examined. In contrast to the other extrarenal tissues, the pituitary seems to contain true intrinsic renin. These tissues were obtained from anephric animals. Since we have not examined tissues from intact animals, it is possible that part of the renin-like activity of other tissues in normal animals may be renin of renal origin.
Using antibody specific for hog renin (no. 626) and highly purified monoiodinated renin under optimal assay conditions, a direct radioimmunoassay for renin has been established with sensitivity sufficient to quantify renin in plasma. A linear correlation of the plasma renin concentration (direct Liver Lung Adrenal Spleen Submaxillary gland Pituitary Kidney " assay) and activity (angiotensin I assay) was demonstrated, which tends to confirm the validity of the direct assay method. In addition, the direct radioimmunoassay offers the distinct advantage over the activity assay of specificity for true renin, especially in samples that contain either angiotensin-forming enzymes other than renin or biologically inactive renin precursors.
